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CAT ALYST AND PROCESS FOR REFORMING HYDROCARBON 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a hydrocarbon reforming 
catalyst, and more particularly, to a catalyst comprising 
rutheniim and zirconiiam errployed in hydrocarbon reforming making 
use of carbon dioxide; a method for producing the catalyst; and a 
method for reforming hydrocarbon by use thereof. The present 
invention also relates to an autothermal reforming catalyst 
comprising rutheniiim and zirconium; a method for producing the 
catalyst; and a method for producing hydrogen or a synthesis gas 
by use of the catalyst. 

Background Art 

A variety of techniques are known for producing a synthesis 
gas and hydrogen through refomrting of organic corrpounds such as 
hydrocarbon. Particularly, many steam reforming techniques have 
been brought into practice for reforming hydrocarbon by use of 
steam. In these techniques, principally, hydrogen or a synthesis 
gas for producing methanol is produced from a starting material 
such as methane, LPG, or naphtha by use of a nickel catalyst. 

In general, reforming of hydrocarbon through steam reforming 
involves a large-scale endothermic reaction. Therefore, v/hen 
steam reforming is carried out on an industrial scale, heat sTjpply 
from the outside raises a technical problem which must be solved. 
Particularly, the overall reaction of industrially-errployed steam 
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reforming of hydrocarbon by use of a nickel catalyst is 
considerably endo thermic at 600*^0-900^0. For exanple, the overall 
reaction of steam reforming of methane is endothermic, vd.th a heat 
of reaction of 49,3 kcal/mol at about 700^C. Although various 
attempts have been made toward improving a reactor and a heat 
recovery systCTi, such improvements do not represent essential 
solutions for attaining enhanced heat recovery and simplified 
facilities . 

Another known technique for producing a synthesis gas and 
hydrogen is partial oxidization of hydrocarbon. A technique for 
producing a synthesis gas and hydrogen by partially oxidizing 
heavy hydrocarbon, such as vacuum residue, with oxygen at high 
temperature has already been brought into practice. In addition, 
Japanese Patent ^plication Laid-open (kokal) No. 05-221602 
discloses a method for producing a synthesis gas, in which partial 
oxidation of methane is performed at a temperature nearly equal to 
that of steam reforming making use of a catalyst comprising 
zirconivim and ruthenium. In this case, heat of oxidation is 
problematic in that it must be r^oved. Reforming through partial 
oxidation requires further studies, in view of stability of 
reaction and saving energy. 

In view of the foregoing, there has been investigated 
autothermal reforming, in which a starting material for producing 
a synthesis gas such as hydrocarbon is partially oxidized and 
simultaneously reformed by use of a reforming gas such as steam, 
so as to balance heat of reaction. 

Conventionally, there has been investigated application of 
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catalysts such as a nickel catalyst, a platinum catalyst, or a 
palladium catalyst to autothermal reforming. However, these 
catalysts have dravtoacks such as deposition of coke thereon, as 
pointed out in Jnt. J. Hydrogen EuBrgy Vol. 8, p539-548 and 
Hydrogen Energy Progress 4 , Vol. 1, p33-45. Thus , autothermal 
reforming by use of methane as a starting material has been the 
predominant object of investigation, because the amount of coke 
deposited on a catalyst is relatively low. Japanese Patent 
/^plication Laid-Open (kokal) Nos. 06-256001 and 06-279001 
disclose research on production of a synthesis gas through 
reforming by use of oxygen and steam transformed from methanol ty 
use of a catalyst such as a copper catalyst. 

In addition to reactions per se, reactors which can balance 
heat have been investigated (Journal of Power- Sources 61 (1996) 
pll3-124; Hydrocarbon Processing, March 1994, p39-46; and Japanese 
Patent ^plication Laid-open (JroJral) No. 07-057756). 

Meanwhile, in recent years, carbon dioxide has drawn 
attention as a siobstance contributing to global warming. 
Therefore, in order to fix carbon dioxide and find a use therefor, 
there has been investigated a method for reforming hydrocarbon by 
use of carbon dioxide so as to produce a synthesis gas and 
converting the synthesis gas to products such as methanol, 
synthetic gasoline, and ethers. Since a number of natural gas 
fields contain carbon dioxide, there has been investigated a 
technique for reforming hydrocarbon by use of carbon dioxide as a 
useful source without isolation from natural gas. However, the 
technique is not sufficiently developed and thus far has not been 
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brought into practicse. 

For exaxrple, in Nature Vol. 352, 18 July, 1991, A. T. 
Aschroft et a2. evaluate catalytic activity of catalysts 
Gcirprising an alumina carrier carrying Ni, Pd, Ru, Rh, or Jr. 
Although the Ir catalyst exhibits superior relative catalytic 
activity, the activity is still insufficient for practical use. 
Disadvantageous deposition of coke on a catalyst is also pointed 
out. 

In Appl. CatBl. 61, 293 (1990), J. T. lJ.chardson et al. 
evaluate a ruthenium-on-alumina catalyst and a rhodium-on -alumina 
catalyst and conclude that deposition of coke is greater on the 
ruthenium-on-alumina catalyst than on the rhodium-on-alumina 
catalyst. 

Furthermore, Japanese Patent ^implication Laid-ppen (kokal) 
Nos. 08-175805, 08-259203, 09-075728, and 08-231204 disclose 
application of a catalyst carrying a Group VIII metal to a process 
such as reforming of hydrocarbon by use of carbon dioxide. 

In addition, Japanese Patent implication Laid-Open (kokal) 
Nos. 08-196907, 09-029097, and 09-029098 disclose steam reforming 
of hydrocarbon by use of a catalyst comprising an alumina carrier 
carrying a metal such as zirconium or ruthenium. 

SUMMARY OF THE INVENTION 
In view of the foregoing, an object of the present invention 
is to provide a high-performance catalyst for autotheirmal 
reforming. Another object of the present invention is to provide 
a simple and practical method for producing an autothermal 
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reforming catalyst. Still another object of the present invention 
is to provide a method for producing hydrogen or a synthesis gas 
through auto thermal reforming making use of the above catalyst. 

Moreover, yet another object of the present invention is to 
provide a catalyst for effectively reforming hydrocarbon by use of 
carbon dioxide. Another object of the present invention is to 
provide a simple and practical method for producing a catalyst 
eirployed in reforming by use of carbon dioxide. Still another 
object of the present invention is to provide a method for 
reforming hydrocarbon by use of carbon dioxide and the above 
catalyst. Yet another object of the present invention is to 
provide a method for reforming natural gas by use of the above 
catalyst. Yet another object of the present invention is to 
provide a method for reforming hydrocarbon or natural gas by use 
of a mixture of carbon dioxide and steam and the above catalyst. 
Yet another object of the present invention is to provide a method 
for reforming natural gas by use of the above catalyst for 
reforming hydrocarbon- Yet another object of the present 
invention is to provide a method for reforming hydrocarbon or 
natural gas by use of a mixture of carbon dioxide and steam and 
the above catalyst for reforming hydrocarbon. 

The present inventors have conducted earnest studies to 
solve the above-described problems, and have foiand that a 
ruthenium-zirconium catalyst, i.e., a ruthenium-on-zirconia 
catalyst or a ruthenitm-zirconium-on -alumina catalyst, is suitable 
for autothermal reforming as well as for reforming of hydrocarbon 
by use of carbon dioxide. The present invention was acccirplished 
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based on this finding. 

Accordingly, in a first aspect of the present invention, 
there is provided an auto thermal refomu-ng catalyst conprising a 
zirconia carrier carrying ruthenium. 

In a second aspect of the present invention, there is 
provided an autothermal reforming catalyst comprising an inorganic 
oxide carrier carrying zirconixam and ruthenium. 

Preferably, in the first and second aspects of the invention, 
the catalyst contains ruthenixjm in an amount of 0.05-20 wt.%* 
Preferably, in the second aspect of the invention, the catalyst 
contains zirconium in an amount of 0.05-20 wt.% as reduced to Zr02. 

Preferably, in the first and second aspects of the invention, 
the catalyst further contains cobalt and/ or magnesiiom, with the 
preferable cobalt content being 0.01-30 based on atomic ratio of 
cobalt to ruthenium or the magnesium content being 0.5-20 wt.% as 
reduced to MgO. 

Preferably, in the second aspect of the invention, the 
inorganic oxide carrier is formed of alumina, more preferably a- 
alumina or y-aliamina. 

In a third aspect of the present invention, there is 
provided a method for producing the autothermal reforming catalyst 
according to the first aspect of the invention, corrprising 
incorp>orating a solution containing ruthenium, a solution 
containing ruthenixam and cobalt, or a solution containing 
ruthenium, cobalt and magnesium into a zirconia carrier and then 
drying and calcining the carrier. 

In a fourth aspect of the present invention, there is 
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provided a method for producing the autothermal reforming catalyst 
according to the second aspect of the invention, comprising 
incoirporating a solution containing zirconium and ruthenivm, a 
solution containing zirconium, ruthenium, and cobalt, or a 
solution containing zirconium, rutheniim, cobalt, and magnesium 
into an inorganic oxide carrier and then drying and calcining the 
carrier . 

In a fifth aspect of the present invention, there is 
provided a method for producing hydrogen or a synthesis gas by use 
of the above autothermal reforming catalyst. 

Preferably, in the fifth aspect of the invention, a starting 
material for producing hydrogen or a synthesis gas is a 
hydrocarbon such as methane, liquefied petroleum gas, naphtha, 
kerosene, or gas oil; methanol; ethanol ; or dimethyl ether. 

Preferably, in the fifth aspect of the invention, a 
reforming gas ccffrprises a mixture of oxygen, steam, and carbon 
dioxide . 

In a sixth aspect of the present invention , there i s 
provided a catalyst for reforming hydrocarbon by use of carbon 
dioxide ccmprising a zirconia carrier carrying rutheniijm. 

In a seventh aspect of the present invention, there is 
provided a catalyst for reforming hydrocarbon by use of carbon 
dioxide ccanprising an inorganic oxide carrier carrying zirconium 
and ruthenixjm. 

Preferably, in the sixth and seventh aspects of the 
invention, the catalyst contains ruthenium in an amount of 0.05-20 
wt.%. Preferably in the seventh aspect of the invention, the 
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catalyst contains zirconium in an amount of 0.05-20 wt.% as ZrOg. 

Preferably, in the sixth and seventh aspects of the 
invention, the catalyst contains cobalt and/or magnesium, with the 
preferable cobalt content being 0.01-30 based on the atomic ratio 
of cobalt to ruthenium and the magnesiim content being 0.5-20 wt.% 
as reduced to MgO. 

Preferably, in the seventh aspect of the invention, the 
inorganic oxide carrier is formed of alumina, more preferably a- 
al-umina or y-alumina. 

In an eighth aspect of the present invention, there is 
provided a method for producing the catalyst for reforming 
hydrocarbon by use of carbon dioxide according to the sixth aspect, 
ccnprising incorporating a solution containing ruthenium, a 
solution containing ruthenium and cobalt, or a solution containing 
ruthenium, cobalt and magnesium into a zirconia carrier and then 
drying and calcining the carrier. 

In a ninth aspect of the present invention, there is 
provided a method for producing the catalyst for reforming 
hydrocarbon by use of carbon dioxide according to the seventh 
aspect, ccmprising incorporating a solution containing zirconium, 
a solution containing zirconium and ruthenium, a solution 
containing zirconiim, ruthenixjm, and cobalt, or a solution 
containing zirconixjm, ruthenium, cobalt, and magnesivun into an 
inorganic oxide carrier and then drying and calcining the carrier. 

In a tenth aspect of the present invention, there is 
provided a method for reforming hydrocarbon by use of carbon 
dioxide and the above catalyst for reforming hydrocarbon. 
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In an eleventh aspect of the present invention, there is 
provided a method for reforming natxaral gas by use of the above 
catalyst for reforming hydrocarbon. 

In a twelfth aspect of the present invention, there is 
provided a method for reforming hydrocarbon or natural gas by use 
of a mixture of carbon dioxide and steam and the above catalyst 
for reforming hydrocarbon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various other objects, features, and many of the attendant 
advantages of the present invention will be readily appreciated as 
the same becomes . better understood with reference to the following 
detailed description of the preferred embodiments when considered 
in connection with accompanying drawings, in which: 

Fig. 1 is a sch^iatic flow chart of an autothermal reforming 
process ; 

Fig. 2 is a first exarrple of an autothermal reforming 
reactor ; 

Fig. 3 is a second example of an autothermal reforming 
reactor ; 

Fig. 4 is a third example of an autothermal reforming 
reactor ; and 

Fig . 5 is a fourth example of an autothermal reforming 
reactor . 

BEST bODES FOR CARRYING OUT THE INVENTION 
Modes for carrying out the present invention will next be 



9 



described . 

In the present invention, the term "autothermal refoinning" 
refers to reaction for producing hydrogen or a synthesis gas by 
reforming an organic corrpoLind such as hydrocarbon, alcohol, or 
ether by use of oxygen and steam. Specifically, the following 
exothermic oxidation reactions and endothermic steam reforming 
reactions are combined so as to, to a certain extent, balance 
overall heat of reaction. The following reactions and heats of 
reaction are shown in CHEMIEC DSC. 1995, p43. 

[Oxidation of methane by oxygen] 
CH4 + 2O2 = 2H2O + CO2 

AH == -192 kcal/mol 
CH4 + I.5O2 = 2H2O + CO 

Ah ^ -124 kcal/mol 
CH4 + 02 = 2H2 + CO2 

Ah = -78 kcal/mol 
CH4 + 0,502 = 2H2 + CO2 

Ah = -8.5 kcal/mol 
[Steam reforming of methane] 
CH4 + H2O = 3H2 + CO 

Ah = 4 9.3 kcal/mol 
CH4 + 2H2O = 4H2 + CO2 

AH = 39.2 kcal/mol 

In autothermal reforming, generally, reactions such as 
reaction iDetween methane and CO2 and reaction between CO and steam 
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as well as the above-described reactions occur in parallel, to 
thereby form a synthesis gas in which overall equilibriim among 
hydrogen, CO, steam, ODj/ methane is thermodynamically attained. 

The autothermal reforming according to the present invention 
proceeds in the presence of a suitable catalyst. One embodiment 
for the above catalyst is a ruthenium-on-zirconia catalyst. 

Examples of the zirconia catalyst include zirconia per se 
represented by the formula ZrOg, stabilized zirconia containing a 
stabilizing ccnponent such as magnesia; a zirconia carrier 
containing another component; and a stabilized zirconia carrier. 
Exairples of the suitable stabilizing corrponents of stabilized 
zirconia include magnesia, yttria, and ceria. Of these, magnesia- 
stabilized zirconia is preferably errployed as the catalyst carrier, 
in view of stability as a carrier, and catalyst activity and 
continuity thereof when formed into a catalyst; e.g., a ruthenium- 
on-carrier catalyst. 

In the present invention, at least ruthenium is used as a 
metal of a catalyst comprising the above zirconia catalyst. 
Although ruthenium has catalytic activity similar to that of Ni or 
Pd included in Group VTII metals during reaction such as steam 
reformation of hydrocarbon, rutheniLim uniquely shows suitable 
results during autothermal reforming. Such a unique catalytic 
activity is assumed to be attributed to a certain interaction 
between ruthenium and zirconia. 

Another embodiment of the ruthenium catalyst according to 
the present invention is a catalyst conprising an inorganic oxide 
carrier carrying zirconium and ruthenium. The catalyst shows 
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catalytic activity equivalent to that of the ruthenitim-on-zirconia 
catalyst. Briefly, an iirportant factor for the catalyst of the 
present invention is a certain interaction between zirconia and 
ruthenium. 

In the present invention, an inorganic oxide carrier may be 
eirployed as a catalyst which is applied to reaction of typical 
hydrocarbon as a starting material. Sp>ecifically , an inorganic 
oxide carrier which is used for a catalyst for steam reforming of 
hydrocarbon is suitably ertployed. Specific examples include 
aliamina, silica, titania, silica-alumina, and boron-containing or 
phosphorus -containing alumina. Although the above -described 

zirconia carrier may be used, preferably inorganic oxide carriers 
other than the zirconia carrier are used. Generally, inorganic 
oxide carriers such as an alumina carrier have a specific area 
larger than that of a zirconia carrier and a strength higher than 
that of a zirconia carrier, and are easily produced. 

Among the above-described inorganic oxide carriers, an 
alumina carrier is preferred. Among the alijmina carriers, an a- 
alumina carrier and a y-alumina carrier are particularly preferred. 
An a-alumina carrier disclosed in Japanese Patent /^plication 
Laid-open {kokal) No. 10-52639 is particularly preferred as the a- 
alumina carrier, A powder-form a -alumina, which has 

substantially no internal micropores, usually has poor surface 
area and, therefore, is not ^nployed as a typical catalyst carrier. 
However , when the powder-form alumina is shaped into a carrier , 
the mechanical strength is high, to thereby find use thereof in 
the carrier disclosed in Japanese Patent implication Laid-Open 
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{kokai) No. 10-52639 as well as use as a carrier for the 
autothermal reforming catalyst used in the present invention. No 
particular limitation is imposed on the y-alumina carriers, and a 
variety of known y-alumina carriers used for other catalysts are 
preferably QT¥>loyed. For exairpie, a y-alumina carrier used in 
catalysts for reaction such as hydrogenation , reforming, cracking, 
or iscmerization of hydrocarbon may be employed. In addition, y- 
alumina carriers which are used in catalysts for steam reforming 
of hydrocarbon may also be orployed. The alumina carriers are not 
necessarily formed of a-alumina crystals or y-alumina crystals, 
and may contain alumina of another crystal form, such as r| -alumina 
or amorphous alumina. 

In the above catalyst in which an inorganic oxide carrier 
carries at least zirconium and ruthenixjm, zirconium and rutheniijm 
may be incorporated into a carrier simultaneously or in separate 
steps . 

The metals of the catalyst used in the present invention are 
converted to the corresponding oxides by calcining to prep>are the 
catalyst. The catalyst is preferably reduced in advance to serve 
as an autothermal reforming catalyst. 

In the present invention, cobalt or cobalt and magnesium may 
be incorporated into the catalysts according to the first and 
second oribodiments . Cobalt is added so as to enhance catalytic 
activity, whereas magnesium is added so as to enhance properties, 
such as thermal stability, of zirconia carrier or zirconia on an 
inorganic oxide carrier. 

The amoTjnt of metals on a carrier of the catalyst used in 
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the present invention will next be described. 

As described below, the amotint of a metal coirponent is 
specified as reduced to the corresponding ccarpoiond such as a metal 
oxide, and the amount of metal based on the entirety of the 
catalyst is calculated based on the reduced amount. 

The catalyst according to the first onbodiment contains 
7 ruthenium in an amount of typically 0.05-20 wt.%, preferably 0.05- 
^3 wt.%, more preferably 0.1-2 wt.%, based on the entirety of the 
catalyst as reduced to the corresponding corrpound such as a metal 
oxide. When the amount of ruthenium is less than 0.05 wt.%, 
attained autothermal reforming might be insixfficient, whereas when 
it is in excess of 20 wt.%, ruthenium may aggregate on the carrier 
surface to reduce the specific surface area, to thereby decrease 
effective active sites and lower the catalytic activity. 

The catalyst according to the second embodiment contains 
ruthenium and zirconium. The amo\ant of ruthenium is similar to 
n'I that in the first embodiment. The amount of zirconium, as reduced 
<l to zirconia (ZrOs) , is typically 0.05-20 wt.%, preferably 0.5-15 
wt.%, more preferably 1-15 wt:.% based on the entirety of the 
catalyst. When the amoiont of zirconium is less than 0.05 wt.%, 
catalytic activity based on zirconium and ruthenium is F>oor, 
whereas when it is in excess of 20 wt,%, the mechanical strength 
and specific surface area of the catalyst might decrease, to 
thereby raise problems in practical use. 

Cobalt is added to the catalysts according to the first and 
second embodiments in an amount of preferably 0.01-30 based on the 
atomic ratio of cobalt to ruthenium, more preferably 0.1-30, 



14 



particularly preferably 0.1-10. When the amount is less than 0.01, 
enhancement of the catalytic activity attributed to addition of 
cobalt might be insufficient, whereas when it is in excess of 30, 
catalytic activity of ruthenium per se might decrease. 

Moreover, when magnesium is added in addition to cobalt, it 
is added in an amount of typically 0.5-20 wt.%, preferably 0.5-15 
wt.%, more preferably 1-15 wt.%, as reduced to magnesia (MgO) 
based on the entirety of the catalyst. 

A method for producing the catalyst used in the present 
invention will next be described. 

First, a method for producing the ruthenium-on-zirconia 
catalyst used in the present invention will be described. 
(1) Production of a zirconia carrier 

The zirconia carrier can be produced through any of a 
variety of known methods. For example, it can easily be produced 
by the steps of dissolving a zirconixim compound in a solvent such 
as water or alcohol; adjusting the pH of the resultant solution; 
adding a bad solvent to the solution to thereby precipitate 
ziroonixjm hydroxide; separating the precipitate from the solution; 
and drying and calcining the precipitate. No particular 

limitation is imposed on the zirconium compound so long as it 
contains zirconium and can be dissolved in a solvent. Examples of 
preferable zirconium compounds includes zirconium halides such as 
zirconium tetrachloride; zirconium oxyhalides such as zirconyl 
chloride; zirconium or zirconyl salts such as zirconyl sulfate and 
zirconyl nitrate; zirconate salts; zirconium alkoxides; and 
zirconium ccnplex salts. In order to stabilize zirconia, a 
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magnesium coirpoiand may also be added to an aqueous solution of* a 
zirconia precursor. Fur theannore , another sxobstanoe may be added 
to the aqueous solution within the scope in which a target carrier 
of the present invention can be obtained. For exanple, in order 
to enhance solubility of zirconium salts, acids may be add e d to 
the solution, which is further heated. The pH of the solution of 
a zirconium ccffrpound is adjusted by adding an alkaline sxabstance 
such as alkali hydroxide or aqueous ammonia. The resultant 
precipitate of zirconium hydroxide is separated, dried, and shaped, 
and the shaped conpact is calcined, to thereby produce a zirconia 
carrier. Preferably, the coirpact is calcined in air at 300°C or 
more, preferably 400°C or more, for 1-5 hours. In the present 
invention, there may also be ^rployed as a carrier commercially 
available zirconia or zirconixjm oxide as such or commercially 
available powder thereof which is molded into a desirable shape. 
(2) E>roduction of a ruthenium-carrying catalyst 

The ruthenium-carrying catalyst can be produced by combining 
ruthenium with the above-described zirconia carrier through a 
customary method. For example, a ruthenium compound is dissolved 
in a solvent such as water or alcohol . The ruthenium conpound 
which is used in the present invention may be selected from among 
a variety of known corrpounds. Examples of the ruthenium compounds 
include rutheniiim halides such as ruthenium trichloride and airmine 
complex salts such as hexaammineruthenic chloride. There may also 
be used a commercially available aqueous solution of ruthenium 
tetraoxide or an aqueous solution in which the concentration of 
ruthenivm is modified. When ruthenium oxide and ruthenium 
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hydroxide which have poor solubility to water are used, the 
coirpovinds may be dissolved by modifying the pH of the solvent in 
the presence of an acid. Of such coirpounds, ruthenium halides 
such as ruthenium trichloride are preferred. 

In addition to ruthenium, a cobalt ccinponent or a magnesium 
ccarponent may be separately incorporated before or after combining 
of ruthenium with a carrier. Typically, a cobalt compovind or a 
magnesium compound is dissolved into a ruthenium-containing 
solution, and the mixture solution is combined with a carrier, to 
thereby conveniently attain simultaneous combining. No particular 
limitation is imposed on the cobalt or magnesitim compounds so long 
as they can be dissolved in a solvent, such as water or alcohol, 
that is typically used for preparing a catalyst. Examples of the 
coirpoxinds include cobalt nitrate, basic cobalt nitrate, cobalt 
dichloride, magnesium nitrate, and magnesium chloride. 

A ruthenium-on-zirconia catalyst can be obtained by 
combining the solution containing ruthenium and one or more metal 
ccanponents with a zirconia carrier; drying; and calcining. No 
particular limitation is imposed on the method of combining, and 
preferable examples thereof include impregnation, dipping, and 
spray-coating. The desirable extent of combining is attained by 
appropriately adjusting factors such as the concentration of 
ruthenium in a solution for incorporation, the amount of solution, 
and the number of the steps for combining. An appropriate method 
for drying may be selected from among customary methods, such as 
allowing to stand in air and drying at 50°C-150^C in air or in a 
nitrogen stream. When the treated carrier is calcined, a compound 
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incorporated in t±ie carrier is deconposed to the corresponding 
metal, metal oxide, or mixed- valence metal oxide. Therefore, 
calcining is conducted umder conditions such that the incorporated 
ccffrpound does not aggregate to thereby decrease catalytic activity 
and such that the cry s tal s tructure of the carrier i s nei ther 
destroyed nor changed. Specifically, calcining is conducted at 
typically 300°C-1000''C, preferably SOO'^C-TOO^C, more preferably 
400°C-600°C, for 1-5 hours in air or in a nitrogen stream. 

Combining of a ruthenium corrpound with a carrier may be 
conducted by kneading a slurry of the ruthenium coarpoLind and the 
zirconia carrier. The kneaded mixture is dried and calcined, to 
thereby produce a suitable ruthenixam-on-zirconia catalyst. 

A method for producing the zirconium-ruthenixom-inorganic 
oxide catalyst used in the present invention will next be 
described with reference to a zirconium-ruthenium-alxjmina catalyst, 
which is a typical example. Similar catalysts using an inorganic 
oxide carrier other than an alumina carrier can be produced 
according to similar methods . 
(1) Production of an alumina carrier 

Alumina carriers such as an a-alumina carrier or a y-alumina 
carrier can be produced through any of a variety of known methods . 

Typically, the alvnnina carriers can be produced by molding 
ccmmercially available alumina powder as a starting material and 
sintering the formed corrpact. Although a variety of alxjmina 
powders other than a-alxjmina powder may be used, a-alumina powder 
is preferred. The a-alumina powder which is used as a starting 
material has an average particle size of 0.01-100 ^m, preferably 
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0.05-50 |jni, more preferably 0.05-30 |im. Lftiiform particle size is 
particularly preferable. Production of a-alumina powder having a 
uniform average particle size of less than 0,01 jam is difficult, 
whereas when the powder has an average particle size of 50 |jm or 
more, the micropore capacity and specific surface area of an a- 
alvimina carrier made from the p>owder decreases to possibly 
deteriorate catalytic activity of a catalyst carrying a metal such 
as ruthenium. In order to increase the micropore capacity and 
specific surface area of an a-al\jmina carrier and facilitate 
molding and sintering, to a starting a-alumina powder there may be 
added organic compounds such as starch, wax, polyethylene glycol, 
methyl cellulose, carboxymethyl cellulose, and glycerin; clay 
minerals such as kaolin and bentonite; and water glass. Of these, 
clay minerals such as kaolin and bentonite and water glass are 
suitable for increasing the micropore capacity and sp>ecific 
surface area of an a-alumina carrier. a-alumina may be molded 
t±urough a customarily enployed method. With regard to calcining, 
when the starting p>owder is formed of alumina other than a-alumina, 
it must typically be calcined at 1000°C-1400^C, whereas when a- 
alumina powder is used, it may simply be molded into a shape of a 
target catalyst and then subjected to sintering. 

Production of a y-alumina carrier will next be described. 
First, an alumina te salt solution such as an aqueous solution of 
sodium aluminate aind an altiminum salt solution such as an aqueous 
solution of aluminum sulfate are mixed and the pH of the resultant 
mixture is adjusted, to thereby precipitate aluminum hydroxide - 
In this case , an inorganic acid or an organic acid is added for 
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adjustment of pH, to thereby suitably precipitate aluminum 
hydroxide. The precipitate is separated and v/ashed with v/ater, 
aqueous arrmonia, etc. , to thereby obtain an aluminum hydroxide 
slurry, which is molded. The compact is dried to produce a y- 
alumina carrier. No particular limitation is imposed on the 
method for molding, and extrusion molding is typically employed. 
Calcining is perfoinned at a temperature at which y-alinnina is 
formed. The calcining conditions are selected so that the formed 
y-alumina does not disappear while being allowed to stand at high 
temperature for a long period. Typically, calcining is conducted 
in air at 300''C-1000°C, preferably at 400''C-600*'C, for 1-5 hours. 

Commercially available y-alumina as such may also be eirployed. 
Alternatively, camnercially available powder thereof is molded 
into a desirable shape and calcined, to thereby serve as a 
catalyst carrier. 

(2) Production of a zirconixjm-ruthenixjm-on -alumina catalyst 

The zirconium-ruthenium-alumina catalyst can be produced by 
combining ruthenium and zirconium with the above-described alumina 
carrier through a customary method. Briefly, a solution 

containing ruthenium and a solution containing zirconium are 
individually prepared, or a solution containing ruthenium and 
zirconium is prepared, to serve as a solution to be combined with 
the above-described alumina carrier. No particular limitation is 
imposed on the solvents which are used for preparing the above 
solutions, and they are appropriately selected from known solvents 
typically used for preparing a catalyst, such as water and alcohol. 
The ruthenium coarpound which may be used in the present embodiment 
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is similarly selected from ruthenium compounds which have already- 
been described in connection with the rutheniim-carrying catalyst, 
and exanples thereof include ruthenium halides such as ruthenium 
trichloride. No particular limitation is also iirposed on the 
zirconium coarpounds so long as they can be dissolved in a solvent 
such as water. Exanples include zirconium halides such as 
zirconium tetrachloride or partially hydrolyzates thereof; 
zirconium oxyhalides such as zirconyl chloride; zirconium oxoacid 
salts such as zirconyl sulfate, zirconium nitrate, and zirconyl 
nitrate; and zirconium organic acid salts such as zirconium 
acetate and zirconyl acetate. When the zirconium ccarpounds are 
dissolved, the pH of the solution is adjusted by an agent, such as 
an acid, to 3 or less, preferably 1.5 or less. When the pH is 
greater than 3, the zirconium cciT¥>ounds hydrolyze, to possibly 
form sol or gel of zirconia. 

A solution containing a zirconiim corrpound and a ruthenium 
coirpound is preferred as the above solution for preparing the 
catalyst. The pH of the solution is adjusted by an agent, such as 
an acid, to 3 or less, preferably 1.5 or less. When the pH is 
adjusted to 3 or less, formation of sol or gel formed of a 
hydrolyzate of the zirconium corrpound is prevented and a complex- 
like compound which is obtained by mutually reacting the zirconium 
cciTpound and ruthenium compound is easily formed. It is assumed 
that the carrier combined with the coirplex-like compound is 
calcined, to thereby attain a suitable carrying condition of 
zirconivim and ruthenium and excellent catalyst activity. 

In the present invention, a cobalt ccarponent or a magnesium 
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cxatponent may be inoorporated in addition to ruthenium and 
zirconiim, through a method and by use of a cobalt corrpound and a 
magnesium compound similar to the method and the compounds 
described for preparing the above-described ruthenium-carrying 
catalyst. 

The thus-obtained alumina carrier combined with a zirconium 
compound and a ruthenium conpound is dried and calcined, to 
thereby produce a zirconium-ruthenium-alumina catalyst. No 
particular limitation is imposed on the methods for combining, 
drying, and calcining, and there may be employed methods similar 
to those described for preparing the above-described ruthenium- 
carrying catalyst. Thus, repeated description thereof is omitted. 

Autothermal reforming according to the present invention can 
be performed in the same way as in conventional reforming of 
hydrocarbon by use of steam or carbon dioxide. Embodiments of 
typical autothermal reforming processes according to the present 
invention will be described below. 
( 1 ) Feeds tocks 

Although feedstocks used for the reaction are selected from 
among organic compounds, no particular limitations are imposed. 
Generally, hydrocarbons are suitably used. Examples include 
saturated aliphatic hydrocarbons such as nie thane, ethane, prop>ane, 
butane, pentane, hexane, cyclopentane, and cyclohexane; 
unsaturated aliphatic hydrocarbons such as ethylene, propylene, 
and butene; and aromatic hydrocarbons such as benzene, toluene, 
and xylene. There may also be used alcohols such as methanol and 
ethanol , and ethers such as dimethyl ether . When these oxygen- 
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containing corrpounds are used as starting materials, a low 
reaction terrperatxare can be errployed, and the reactions may be 
advantageous in terms of catalyst life and heat recovery. 

Mixtures of these starting materials can effectively be used. 
For example, natural gas including methane as its primary 
ccarponent, ethane, and propane; LPG; naphtha; kerosene; and light 
oil are industrially and practically useful. 

Moreover, since oxygen, steam, and carbon dioxide are used 
as reforming gases to reform hydrocarbons, hydrocarbons including 
these gases can be used. For exairple, in natural gas, carbon 
dioxide, steam, oxygen, nitrogen, and other inpurities corrprising 
gases other than hydrocarbons exist in mixed form. However, 
natural gas can be used as feedstock without separation and 
removal of these impurity gases. Although, as mentioned below, 
feedstock hydrocarbons are often used after desulfurization, 
unreacted hydrogen may remain in the material. However, in order 
to increase the purity of hydrogen gas or synthesis gases as the 
reaction product, the impurities in the feedstock hydrocarbons 
preferably consist predominantly of only corrpounds of C, H, and O, 
such as carbon dioxide , steam, carbon monoxide , hydrogen , or 
oxygen, and relatively small amounts of nitrogen, airmonia, and 
helium. However, when hydrogen is produced for the feedstock for 
production of airmonia, or for fuel cells, removal of nitrogen gas 
is not required. 

Some feedstock hydrocarbons contain sulfur compounds such as 
hydrogen sul f ide and mercaptan . However , preferably , feeds took 
hydrocarbons contain sulfur in an arrount of 50 ppm by weight or 
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less , nuDre preferably 1 ppm by weight or less , particularly 
preferably 100 ppb by weight or less. When hydrocarbons 
C3ontaining sulfur in an amount of more than 50 ppn by weight are 
used as starting materials, catalysts may become poisoned, and use 
thereof is not preferable, in view of failure to attain long-term 
use of the catalysts. 

According to the present invention , methane , liquefied 
petroleum gas (LPG) , naphtha, kerosene, and gas oil are 
particularly suitably used as feedstocks for autothermal reforming. 
Further , oxygen-containing corrpounds , particularly methanol , 
ethanol , and dimethyl ether , are used as preferable starting 
materials. Nickel -based catalysts used in conventional 

autothermal reforming involve problCTis in that the catalysts do 
not have sufficiently long life because of deposition of coke 
thereon when hydrocarbons of conparatively high molecular weight 
are used as feeds tocks . However , because the ca talys ts of the 
present invention have very little deposition of coke thereon, 
they enable preferable production of hydrogen or synthesis gas 
even when any of the above-described hydrocarbons are used as the 
feedstocks. However, when hydrocarbons having a high sulfur 
content, such as heavy oil, are used, the hydrocarbons are 
preferably subjected to desulfurization prior to autothermal 
reforming reaction, so as to reduce sulfur content to the above- 
described concentration. 
(2) Reforming gas 

Reforming gas refers to a gas producing hydrogen or 
synthesis gas by neans of reaction with feedstocks; that is. 
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reforming gas refers to oxygen, steam, or carbon dioxide. The 
feed proportions of steam, oxygen, or carbon dioxide with respect 
to feedstock hydrocarbons are selected based on the type of 
feedstock, the heat balance of the reaction syst^i, the desired 
component proportions of produced synthesis gas, and the target 
conversion. Generally, coirplete reforming of feedstocks is 
preferable. Therefore, preferably, reforming gas is fed in excess 
of a stoichiometrically required amount. Especially, when steam 
is used as a reforming gas, the steam is preferably fed in an 
excessive amount. Preferably, the ratio of oxygen to steam is 
adjusted in accordance with the feedstocks and the target product. 
For exairple, in order to produce more hydrogen, an excessive 
amount of steam is reacted at a comparatively high tempera tiire so 
as to attain advantageous chemical equilibrium. In order to 
produce more synthesis gas, preferably, the amount of oxygen is 
changed in accordance with the target composition of a synthesis 
gas to be produced, or carbon dioxide is used as a portion of 
reforming gas . 

The case in which methane is used as a feedstock will be 
described in more detail by way of exarrple . In stoi chicane trie 
reforming reaction making use of steam, the ratio of hydrogen to 
carbon monoxide in the obtained synthesis gas is 3/1. However, 
excessive feed of steam converts carbon monoxide into hydrogen and 
carbon dioxide (water-gas shift reaction) , to thereby produce a 
hydrogen-rich gas having a high ratio of hydrogen to carbon 
monoxide. Carbon dioxide in the produced gas is easily separated 
from hydrogen, and industrially useful highly-pure hydrogen gas 
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can be prcxluced thereby. The obtained hydrogen gas can also be 
preferably used as feed gas for fuel cells. 

When methanol is to be produced, or synthetic gas oil or 
synthetic gasoline is to be produced through Fischer-Tropsch 
reaction, the stoichiometrically required ratio of hydrogen to 
carbon monoxide is said to be about 2/1, In reforming reaction 
making use of steam, the ratio of hydrogen to carbon monoxide in 
obtained gas exceeds 3/1 , However, the ratio can be easily 
adjusted to 3/ 1 or less by adding oxygen to the feedstock and 
partially oxidizing methane. In the case of reforming by use of 
carbon dioxide, since a synthesis gas having a ratio of hydrogen 
to carbon monoxide of 1/1 is obtained, the above-described ratio 
can be easily adjusted to 3/1 or less through use of both steam 
and carbon dioxide. That is, by replacing conventional reforming 
of hydrocarbons with steam, autothermal reformation of 
hydrocarbons can easily produce a synthesis gas having a ratio of 
hydrogen to carbon monoxide of about 2/1. 

In autothermal reforming, including that according to the 
present invention, since the heat balance in reforming reaction 
can be adjusted through changing the amount of oxygen, the 
temperature of catalyst layer can quickly increase to the desired 
temperature at the initiation of reaction. Therefore, autothermal 
reforming is suitable for production of starting material hydrogen 
used for fuel cells, in which the reaction is frequently initiated 
and ceased. 

When oxygen is added, an industrially preferable reaction is 
one which ^ploys steam containing oxygen of such a concentration 
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that the heat balance between exothermic reaction by oxidation and 
endothermic reaction by reforming is maintained. Reforming gas 
such as oxygen or steam may be added to the reaction 
simultaneously with feedstock organic compounds (typically, 
methane, LPG, or naphtha) , separately, or stepwise. 

Preferably, the ratio of steam fed to the reaction systCTi to 
the feedstock, i.e. the ratio of steam/ carbon; more specifically, 
the number of water molecules/the^ number of carbon atoms in the 
feedstock including neither those in irrpurities nor those in 
carbon dioxide used as reforming gas in the feedstock described in 
(1), is typically 0.1-10, more preferably 0.4-4, When the ratio 
is below the above-described range, coke tends to deposit on the 
catalyst, and the content of hydrogen in the synthesis gas tends 
to decrease. However, when the ratio of steam/ carbon is above the 
above-described range, excessive unreacted steam remains in the 
produced gas, which is economically disadvantageous. 

The ratio of oxygen to the feedstock fed to the reaction 
system, i.e., the ratio of oxygen/carbon; more specifically, the 
nijmber of oxygen molecules/the number of carbon atoms in the 
starting material is typically 0,1-1, more preferably 0.2-0.8. 
When the ratio of oxygen/carbon is below the above -described range, 
the exothermic reaction is not predominant. Therefore, in this 
case, because the addition of a great amount of heat from the 
outside is required, the reaction substantially resenbles a 
reforming reaction making use of steam. However, when the ratio 
is above the above-described range, . the reaction becomes 
economically disadvantageous in terms of heat balance because of 
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excessive exotiienrdc heat. Further, in this case, oxidation 
reaction proceeds excessively, and the yield of hydrogen or the 
yield of synthesis gas based on the feedstock tends to decrease. 
With regard to oxygen, pure oxygen or air may be used, and a gas 
inert to autothermal reforming such as nitrogen; steam, carbon 
ironoxide, or carbon dioxide may be contained therein. Practically, 
the hydrogen and synthesis gas obtained from autothermal reforming 
using air may also be used as feed gas for fuel .cells, production 
of ammonia, Fischer-Tropsch reaction, or synthesis of methanol. 

When carbon dioxide is mixed in gas to be reformed, the 
ratio of carbon dioxide to carbon, i.e., the number of carbon 
dioxide molecules/the number of carbon atcans in feedstock, is 
typically 0.1-5, preferably 0,1-3. When the ratio is below the 
above-described range , use of carbon dioxide is not effective . 
When the ratio is above the above-described range, coke tends to 
deposit on the catalyst, and production of a synthesis gas having 
a high hydrogen content is difficult. 

Introduction of carbon di oxide i s pref erabl e for producti on 
of a synthesis gas having a high carbon monoxide content when an 
amount of oxygen introduced is small , The introduction is 
especially preferable in the case in which a restriction on feed 
of oxygen is required due to heat balance. In order to produce 
hydrogen, feedstock containing no carbon dioxide is preferable. 
However, the present invention can be applied to the case in which 
feedstock contains carbon dioxide. In the case where r^oval of 
carbon dioxide priot to autothermal reforming reaction is not 
economically advantageous, preferably, the reaction is pjerformed 



28 



by use of feedstock containing carbon dioxide. 
(3) Reaction type, and production process of hydrogen 
or a synthesis gas 

The reaction type is not particularly limited, and may 
include a fixed-bed type, a moving-bed type, or a fluidi zed-bed 
type. The fixed-bed reactor is typically used. 
c^9)^y ^^^^^^^^"^ reforming process of natural gas using a 

fixed-b^L reactor is illustrated in Fig. 1. The same process can 
be used f oisi autothermal reforming of naphtha or LPG . First , 
natural gas isv desulfurized in a desvilfurization unit 10, to 
thereby r^ove \ sulfur. The feedstock is typically 

hydrodesulfurized in\he desulfurization unxt 10, and the produced 
hydrogen sulfide thereifk is washed for removal. In this case, a 
STJbstance absorbing hydrog^i sulfide, such as zinc oxide, may be 
placed into the bottom layer \^ catalyst layer, to thereby remove 
hydrogen sulfide. Subsequently\ a mixture gas 7 which is formed 
by adding steam, oxygen , and optsional carbon dioxide to the 
desulfurized natural gas 6 from which, hydrogen is not typically 
separated is introduced into an autothe^ral reforming reactor 11. 
The natural gas is autothermally ref oWed , e.g., partially 
oxidized and reformed, to thereby obtain an in^jire synthesis gas 8. 
The synthesis gas 8 is processed at a carbon diWide-separator 16 
and at an excessive-hydrogen-separator 17, to tl^reby obtain a 
synthesis gas having a desired ratio of hydrogen/carfs^n monoxide. 
The carbon dioxide 4 separated at the carbon dioxide-sV>arator 16 
may be again introduced into the autothermal reforming reactor 11. 
The hydrogen 5 separated at the excessive -hydrogen-separator 17 
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^ni^ir,^be used, tx> thereby desulfurize the natural gas serving as a 
feeds todc>^..^„_^rther, the carbon dioxide-separator 16 and the 
hydrogen-separator^il^rnay be cxnitted by adjusting amounts of 
oxygen, steam, and carbon dioxide . 

Preferably, the type of the autothermal reforming reactor 11 
is selected from the types shovm in Figs. 2 through 5. At the 
primary reactor 12 shown in Fig. 2, the tatperature of feedstock 
is elevated to a desired temperature for the catalytic reaction by 
partially oxidizing the feedstock in the absence of catalyst. At 
the secondary reactor 13, the autothermal reforming reaction is 
corpleted by use of the catalyst of the present invention. In 
this case, preferably, the method for introducing a reforming gas 
and the structure of the autothermal reforming reactor 11 are 
elaborated such that the heat balance between the primary reactor 
12 and the secondary reactor 13 is maintained. 

Fig. 3 shows an example in vdiich a conparatively large 
amount of steam is introduced. First, a mixture gas 7 is 
introduced into a primary reactor 14; the oxidation reaction is 
mainly permitted to proceed in the presence of an oxidation 
catalyst such as a platinijm-palladium catalyst; and the 
tenperature of reactants is elevated therein. At a secondary 
reactor 15, steam is introduced in the presence of the catalyst of 
the present invention, to thereby permit the autothermal reforming 
reaction, in which the main reaction is a reforming reaction by 
use of steam, to proceed. Fig. 4 shows an exanple in which an 
oxidation catalyst is not used at the primary reactor 14, but the 
catalyst of the present invention is used both at the primary 
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reactor 14 and the secondary reactor 15. 

Fig. 5 shows a nethod in which a mixture gas 7 used for a 
conventional auto thermal reforming reaction is introduced into the 
top of a reactor 11, and a portion of oxygen 2 is divided and 
introduced into one or more portions of the catalyst layer. In 
autothermal reforming reaction, the oxidation reaction by oxygen 
proceeds first, after which reforming reaction by steam tends to 
proceed. Therefore, at the upper portion of the catalyst layer, 
heat is emitted by the oxidation reaction, and at the lower 
portion, the heat tends to be absorbed by the reforming reaction 
making use of steam. A temperature distribution may be created 
within the catalyst layer. In such case, by dispersively 
introducing oxygen into a variety of portions of the catalyst 
layer, the heat balance between the exothermic and the endothermic 
reactions is maintained, to thereby enable the autothermal 
reforming reaction to proceed suitably on the whole. 

In the case in v^ich steam or oxygen is divided arid 
introduced as described above, the amount of introduced steam or 
oxygen is defined not as the amoiint of steam or oxygen in a 
mixture gas introduced through the inlet of the reactor, but as 
the total amount of steam or oxygen introduced into the reactor. 
(4) Reaction conditions 

Preferably, the catalysts of the present invention are 
subjected to reduction treatment prior to the initiation of 
reaction. The reduction treatment is typically carried out at 
400°C-900°C in a hydrogen stream for 1-10 hours. The reduction 
treatment is typically carried out by passing hydrogen or a 
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hydrogen-containing gas through the catalyst layer while the 
catalyst layer is heated to the reaction t^rperature. 

The teirperature of auto thermal reforming reaction is 
preferably 200°C-1 , 200°C in the case where the reaction is 
performed by use of only oxygen and steam as reforming gas, more 
preferably 400^C-1,100^C, most preferably 400*^0-900^0. Within the 
above-described temperature range, a conparatively low terrperature 
can be employed in the case in which alcohols or ethers are used 
as feedstocks; however, a temperature of 500''C-900''C is preferable 
in the case in which hydrocarbons are used as feedstocks. Further, 
in the case where the reaction is performed by addition of carbon 
dioxide, reaction t^perature is preferably 200''C-1,300''C; more 
preferably 400^C-1 ,200°C; particularly preferably 600^*0-1 , 100*=*C. 
Within the above-described terrperature range, a conparatively low 
temperature can be ^nployed in the case in which alcohols or 
ethers are used as feedstocks . However , a comparatively high 
terperature is preferable in the case in which hydrocarbons are 
used as feedstocks. 

The reaction pressure is not limited, and may be selected in 
accordance with the object of use of the produced synthesis gas. 
The pressure is typically 0 kg/cm^G-100 kg/cm^G, preferably 0 
kg/c3n^G-50 kg/cm^G, more preferably 0 kg/cin^G-30 kg/cm^G. When the 
reaction pressure is more than 100 kg/cm^G, the amount of produced 
methane becomes large in accordance with the equilibrium, and coke 
tends to deposit. Within the pressure range, the pressure is 
preferably 20 kg/on^G-lOO kg/cm^G in the case in which synthesis 
gas for production of synthetic gasoline , synthetic gas oil , or 
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methanol is produced. The pressure is preferably about 20 kg/on^G, 
particularly in the case in which highly pure hydrogen (purity: 
97%) is produced. In order to produce feed gas used for fuel cell 
or fuel gas, the pressure is preferably 0 kg/cm^G-lO kg/cm^G. 

When a fixed-bed-flow-type reactor is used and a gaseous 
feedstock is used for autothermal reforming reaction, the gas 
hourly space velocity (GHSV) of flow feedstocks (feedstocks and 
reforming gas) is typically 1,000 h"^-100,000 h"^, preferably 1,000 
h"^-50,000 h"^, more preferably 1,500 h'^-4 0,000 h"^. When a mixture 
gas containing carbon dioxide is used as feedstock , the carbon 
dioxide is also considered a feedstock. However, a gas which does 
not directly participate in autothermal reforming reaction, such 
as nitrogen or helium, is not considered a feedstock. 

When liquid feedstock is used, the weight hourly space 
velocity (WHSV) is typically 0.05-100 h'^, preferably 0.1-10 h"^. 
The above-described weight hourly space velocity is calculated 
based on the amounts of only feedstocks other than reforming gases . 

Reforming of hydrocarbons by use of carbon dioxide will next 
be described. 

Reforming of hydrocarbons by use of carbon dioxide is 
defined herein as a reaction of producing a synthesis gas by use 
of carbon dioxide as an oxidizing agent. The reforming is 
different from reforming of hydrocarbons ty use of steam as an 
oxidizing agent in the composition of the produced synthesis gas. 
Reforming in which the hydrocarbon is methane, which is the most 
typical example, will be described in detail. The difference 
between reforming by use of carbon dioxide and reforming by use of 
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steam is as follows. 

(Reforming by use of carbon dioxide) 

CH4 + CO2 = 2H2 + 2CO 
(Reforming by use of steam) 

CH4 + H2O = 3H2 + CO 

That is, in the reforming reaction of hydrocarbons by use of 
carbon dioxide the ratio of hydrogen to carbon monoxide in the 
produced synthesis gas is 1/1 , whereas in the reforming reaction 
of hydrocarbons by use of steam the ratio of hydrogen to carbon 
monoxide in the produced synthesis gas is 3/1. According to the 
present invention, there can be produced such synthesis gas having 
a coiriparatively high carbon monoxide content and a ccarparatively 
low hydrogen content. 

In the case in which methanol, synthetic gas oil, or 
synthetic gasoline (Fischer-Tropsch reaction) is produced from a 
synthesis gas, the stoichiometric ratio of hydrogen to carbon 
monoxide is 2/1. In the case in which dimethyl ether is produced, 
the stoichiometric ratio of hydrogen to carbon monoxide is 1/1. 
Therefore, in the case in which the synthesis gas serving as 
feedstock used for such reactions is produced, reforming of 
hydrocarbons by use of carbon dioxide , or a combination of 
reforming of hydrocarbons by use of carbon dioxide and reforming 
of hydrocarbons by use of steam is more advantageous than is the 
conventional reforming of hydrocarbons by use of steam. 

In the present invention, a catalyst corrprising a zirconia 
carrier carrying ruthenium or a catalyst . comprising an inorganic 
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I oxide carrier carrying ruthenium and zirconia is used. However, 
the starting materials and the methods for preparing such 
catalysts— for exanple, the carriers and methods for preparation 
thereof, metal -component coirpounds used for being carried, 
-^carrying conditions, and methods for carrying— are the same as 
those used in autothermal reforming. Therefore, the explanation 
thereof will not be repeated. 

The method for reforming hydrocarbons by use of carbon 
dioxide according to the present invention can be used in the same 
I O way as are the conventional methods for reforming hydrocarbons by 
use of steam and for reforming hydrocarbons by use of carbon 
dioxide. The embodiments of the typical method of reforming 
hydrocarbons by use of carbon dioxide will be described below. 
(1) Feedstocks (hydrocarbons) 
1,4? Hydrocarbons used for the reaction are not particularly 

limited, and include saturated aliphatic hydrocarbons such as 
methane, ethane, propane, butane, pentane, hexane, cyclopentane , 
and cyclohexane; unsaturated aliphatic hydrocarbons such as 
ethylene, propylene, and butene; and aromatic hydrocarbon such as 
^ benzene, toluene, and xylene. That is, the same feedstocks used 
in the above-described autothermal reforming reaction can be used. 

The ratio of feedstock hydrocarbons to carbon dioxide may be 
appropriately selected in accordance with the composition of 
I produced synthesis gas and the target conversion. Typically, the 
ratio- of carbon dioxide to carbon, i.e., the number of carbon 
dioxide molecules/the mumber of carbon atoms in the hydrocarbons, 
is 1-20. Plhen the ratio of carbon dioxide to carbon is less than 
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1, unreacted hydrocarbons may renain in the produced synthesis gas, 
because an oxidizing agent is stoichiometrically insufficient, A 
ratio of carbon dioxide to carbon of more than 20 is not 
practically usable because carbon dioxide contained in the 
produced synthesis gas becomes excessive. 

With regard to carbon dioxide used for the reaction , pure 
carbon dioxide may be used, and carbon dioxide containing other 
gases serving as oxidizing agents for reforming hydrocarbons, such 
as steam, carbon monoxide , or oxygen , may also be used . 
Particularly, since steam can reform hydrocarbons, as can carbon 
dioxide, steam may be appropriately added in accordance with the 
target corrposition of produced synthesis gas as described above. 
Addition of steam can effectively suppress deposition of coke on 
the catalyst. 

When the ratio of carbon monoxide to hydrogen in the 
produced synthesis gas is adjusted, or steam is added, to thereby^ 
suppress the deposition of coke on the catalyst, preferably, the 
proportions of these three components, i.e., hydrocarbons, carbon 
dioxide, and steam, are adjusted. When steam is added in order to 
suppress deposition of coke on the catalyst, addition of a large 
amount of steam is preferable. However, since addition of 
excessive steam increases the ratio of hydrogen to carbon monoxide 
in the produced synthesis gas because water gas shift reaction 
proceeds, the reaction results in resembling reforming reaction by 
use of steam. Preferably, the amount of steam is selected such 
that the ratio of steam to carbon contained in hydrocarbons is 
less than 10. When hydrocarbons is reformed by use of carbon 
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dioxide and steam, preferably , the ratio of carbon dioxide to 
carbon is 20/80 to 70/30. 
(2) Reaction conditions 

Preferably, the catalysts of the present invention are 
svibjected to reduction treatment prior to the initiation of 
reaction. The reduction treatment is carried out at 400°C-900''C in 
a stream of hydrogen for 1-10 hours. The reduction treatment is 
typically carried out by passing hydrogen or a hydrogen-containing 
gas through the catalyst layer while the catalyst layer is heated 
to the reaction tenperature. 

The reaction type employed is not limited, and may be 
selected frcxn the group consisting of fixed-bed type, moving-bed 
type, and fluidized-bed type. Generally, a fixed-bed reactor is 
used. 

The reaction temperature is preferably 200°C-1 ,200°C, more 
preferably 400^C-1 , lOO^C, particularly preferably 500^C-900°C. 

The reaction pressure is not particularly limited, and may 
be selected in accordance with the object of use of the produced 
synthesis gas. When the produced synthesis gas is to be used for 
production of synthetic gasoline, synthetic gas oil, or methanol, 
a high reaction pressure (about 20 kg/cm^G-lOO kg/on^G) is 
preferable. When highly pure hydrogen (purity: 97%) is to be 
produced, the pressure is preferably about 20 kg/ori^G. However, 
when the reaction pressure is excessively high, an appropriate 
pressure is practically selected because the amount of produced 
methane becomes large in accordance with the equilibrium, and coke 
tends to deposit in a large amount. In order to produce 
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feedstocks to be used for fuel cells or fuel gas, the pressure is 
preferably 0 kg/cm^G - 10 kg/cm^G. The reaction pressure is 
typically 0 kg/on^G - 100 kg/cm^G, preferably 0 kg/cm^G - 50 kg/on^G, 
more preferably 0 kg/cm^G - 30 kg/cm^G. 

When a fixed-bed-flow-type reactor is used, the gas hourly 
space velocity (GHSV) of feedstocks (hydrocarbons and carbon 
dioxide) is 1,000 h"^ - 100,000 h'^ ; preferably 1,000 h'^" - 50,000 h* 
more preferably 1,500 h"^ - 40,000 h'^ When a mixture gas 
containing steam is used as starting material , the steam is 
considered a feedstock. However, a gas which does not directly 
participate in the reforming reaction of hydrocarbons such as 
nitrogen or helium is not considered a feedstock. 
EXAMPLES 

The present invention will next be described in detail by 
way of examples, which should not be construed as limiting the 
invention thereto. 

First, auto thermal reforming reaction of the present 
invention will be described. 
Exairple 1 

(1) Preparation of catalyst 

Zirconium hydroxide (200 g) was calcined at 500°C for one 
hour, to thereby obtain zirconia carrier I. After the carrier I 
was dipped in an aqueous solution of ruthenium chloride, the 
solution was heated and stirred at 80°C for one hour, to thereby 
evaporate water. The product was further dried at 120°C for 6 
hours. Subsequently, the resultant dried product was calcined at 
500''C for one hour. The calcined product v^as sieved, to thereby 
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obtain a of catalyst I having a particle diameter of 16-32 mesh. 

Catalyst I contained 0.5 wt.% ruthenium. The cort^josition of 

catalyst I is shown in Table 1. 

(2) Production of hydrogen 

A fixed-bed-flow- type reactor was filled with catalyst I. 
Autothermal reforming reaction was carried out therein by use of a 
mixture gas including desulfurized naphtha, steam, and oxygen as 
materials so as to obtain hydrogen. The composition of the 
desulfurized naphtha is shown in Table 4. The reaction conditions 
are shown in Table 5, and the results of reaction are shown in 
Table 6. 

Example 2 

The procedure of Example 1 was carried out except that the 
carrier I was dipped in an aqueous solution of ruthenium chloride 
and cobalt nitrate, to thereby obtain catalyst II. Autothermal 
reforming reaction was carried out by use of catalyst II under the 
same reaction conditions as in Example 1. The composition of 
catalyst II is shown in Table 1. The results of the reaction are 
shown in Table 6. 
Exanple 3 

The procedure of Example 1 was carried out except that the 
carrier I was dipped in an aqueous solution containing ruthenium 
chloride, cobalt nitrate, and magnesium nitrate, to thereby obtain 
catalyst III. An autothermal reforming reaction was carried out 
by use of catalyst III under the same reaction conditions as in 
Example 1. The composition of catalyst III is shown in Table 1. 
The results of the reaction are shown in Table 6. 
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Exanple 4 

(1) Preparation of catalyst 

Water (20 wt.%) was added to an a-alumina powder, and the 
mixture was kneaded by use of a kneader. The kneaded product was 
oorpression-molded, to thereby obtain cylindrical molded products 
having a diameter of 5 nm and a length of 5 mm. The products were 
dried by use of a burner-furnace-exhaust gas (100°C-300°C) , and 
calcined at 1280°C for 26 hours, to thereby obtain alumina carrier 
II. 

Subsequently, ruthenium trichloride (RuClg-nHjO; containing 
Ru (38%)) (0.66 g) and cobalt nitrate (Co (NO3) 3 • 6H2O) (2.47 g) were 
added to an aqueous solution of zirconium oxychloride (ZrO(OH)Cl) 
(Zr content as reduced to ZrO^ (2.5 g) ) , and the mixture was 
stirred for one hour or more, to thereby dissolve the ccirpounds. 
The total amount of the solution became 10 cc, and the solution 
was used as a solution for inpregnation . The above-described 
carrier II (50 g) was iirpregnated with the resultant solution by 
use of a pore-filling method, dried at 120°C for 5 hours, calcined 
at 500°C for 2 hours, and sieved, to thereby obtain catalyst IV 
having a particle diameter of 16-32 mesh. The composition and 
physical properties of catalyst IV are shown in Table 2. 
(2) Production of hydrogen 

By use of catalyst IV, the same autothermal reforming 
reaction as in Example 1 was carried out. The results of reaction 
by catalyst IV are shown in Table 6. 
Exanple 5 

The procedure of Exanple 4 was carried out to thereby 
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prepare a solution for impregnation (10 cc) , except that ruthenium 
trichloride (RuCla-nH^O/ containing Ru (38%)) (0.66 g) , cobalt 
nitrate (Co (NO3) 3 • eHp) (2.47 g) , and magnesium nitrate 
(Mg(N03)2-6Il,0) (6.36 g) were added to an aqueous solution of 
zirconium oxychloride (ZrO(OH)Cl) (Zr content as reduced to ZrO^ 
(2.5 g)). Furthermore, the procedure of Exanple 4 was carried out 
to thereby prepare catalyst V, except that the resultant solution 
for impregnation and carrier II were used. By use of catalyst V, 
the same autothermal reforming reaction as in Exanple 1 was 
carried out. The carposition and physical properties of catalyst 
V are shown in Table 2, and the results of reaction are shown in 
Table 6. 
Example 6 

(1) Production of a synthesis gas 

By use of catalyst V obtained in Example 5, a synthesis gas 
having a ratio of hydrogen to carbon monoxide of 2/1 was produced. 
Autothermal reforming reaction was carried out by use of a mixtiare 
gas including methane, oxygen, steam, and carbon dioxide as 
feedstocks. The reaction conditions are shown in Table 5. The 
results of reaction are shown in Table 6. 
Example 7 

The procedure of Example 4 vras carried out to thereby obtain 
catalyst VII, except that commercially-available y-alumina carrier 
III was used and the amount of water to be added was changed such 
that the amount of obtained solution for irt?3regnation became 30 cc. 
The conposition of catalyst VII is shown in Table 2. 
Example 8 
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The proc3edure of Example 5 was carried out to thereby, obtain 
catalyst VIII, except that conrttercially-available y-alumina 
carrier III was used and the amount of water to be added was 
changed such that the amount of obtained solution for impregnation 
became 30 cc. The composition of catalyst VIII is shown in Table 
3- 

Ccnparative Exanple 1 

Nickel nitrate (Ni (NO3) , • 6H,0) (5.0 g) was dissolved in water, 
to thereby obtain a solution for inpregnation (10 cc) . a-Alumina 
carrier II was iinpregnated with the solution for impregnation, and 
was dried in the same method as in Example 4. A cycle of 
inpregnation and drying was repeated 5 times. Subsequently, 
catalyst IX was prepared according to the same procedure as in 
Example 4. By use of catalyst IX, autothermal reforming reaction 
v«s carried out under the same reaction conditions as in Exair^^le 1. 
The ccnposition of catalyst IX is shown in Table 3, and the 
results of reaction are shown in Table 6. 
Conparative Example 2 

Ruthenium trichloride (RuCl3-nH20; containing Ru (38%)) (0.66 
g) was dissolved in water, to thereby obtain a solution for 
iinpregnation (10 cc) . The procedure of Example 4 was performed to 
thereby prepare catalyst X, except that a-alumina carrier II was 
impregnated with the resultant solution for impregnation (10 cc) . 
By use of catalyst X, autothermal reforming reaction was carried 
out under the same reaction conditions as in Example 1. The 
composition of catalyst X is shown in Table 3, and the results of 
reaction are shown in Table 6. 
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Table 1 Compositions of catalysts carried on zirconia 



Catalyst 


V-'CI i^CL X o U 

I 


^aua J.ys u 

II 


oacaxys t 
III 


Example No. 


Example 1 


-Example 2 


Example 3 


Metal component (wt.%) 








Zirconium 








Ruthenium 


0.5 


0.5 


0.5 


Cobalt 




1 . 0 


1.0 


Magnesium* 






2.0 


Nickel 









^Magnesium: as reduced to MgO 



Table 2 Compositions and physical properties of aliimina 



Catalyst 


Catalyst 


Catalyst 


Catalyst 


IV 


V 


VII 


Example No* 


Example 4 


Examples 5 and 6 


Example 7 


Metal component (wt,%) 








Zirconium* 


5.0 


5.0 


5.0 


Ruthenium 


0.5 


0.5 


0.5 


Cobalt 


1.0 


1.0 


1.0 


Magnesium* 




2.0 




Nickel 








Physical properties 








Specific surface 
area (m^/g) 


13.5 


10.4 




Micropore 








capacity** 


0.26 


0.26 




(cc/g) 









*Zirconiiam and magnesium: as reduced to ZrOz and MgO 
**Micropore capacity before carrying metal 
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Table 3 Compositions of catalysts carried on alumina 



Catalyst 


Catalyst 
VIII 


Catalyst 
IX 


Catalyst 
X 


Ex. & Comp. Ex 


. No, 


Example 8 


Comp . Ex . 1 


Comp. Ex. 2 


Me tal componen t 


(wt,%) 








Zirconium* 




5.0 






Ruthenium 




0.5 




0.5 


Cobalt 




1.0 






Magnesixim* 




2.0 






Nickel 






10 





^Zirconium and magnesiiom; as reduced to Zr02 and MgO 
**Micropore capacity before carrying metal 



Table 4 Compositions of desulfurized naphtha {wt.%) 



Number of carbon 
in a molecule 


Paraffin 


Naphthene 


Aroma tics 


Total 


5 


0.4 


0.1 




0.5 


6 


12.0 


4.3 


0.7 


17.0 


7 


34.6 


9.6 


4.8 


49.0 


8 


13.8 


5.2 


4.4 


23.4 


9 


7.2 


1.8 


0.7 


9.7 


>10 


0.2 


0.1 


0.1 


0.4 


Total 


68.2 


21.1 


10.7 


100.0 


Sulfur content 


Less than limit 


of measurei 


nent* 



♦Limit of measurement of sulfur: 20 ppb 
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Table 5 Reaction conditions for autothermal reforming 



Items 


Example 1 et al 


Example 6 


Feedstocks 


Desulfurized 
naphtha 


Methane 


Reforming gas* 






Oxygen/C 


0.4 


0.6 


Steam/C 


2,5 


0.6 


Carbon dioxide/C 




0.12 


Reaction condi tions 






Temperature CC) 


800 


1, 000 


Pressure (kg/cm^ G) 


1.0 


1.0 


Space velocity (h"^) 






(GHSV) ** 


4.0 




(WHSV) *** 




17,000 



*Composi tions are represented by the no. of gas molecules 
based on the no. of carbon atoms in desulfurized naphtha or 
methane 

**Feed of desulfurized naphtha [ (weight/h) /weight of 
catalyst] 



***Total feed of methane and reforming gas t (weight/h) / 
weight of catalyst] 



Table 6 Results of autothermal reforming 





Catalyst 


HC conversion %* 


Deposition of 
carbon** 


Example 


1 


I 


84 .0 


0.2 


Example 


2 


II 


88.4 


0.1 


Example 


3 


III 


96.1 


*** 


Example 


4 


IV 


91 .7 


0.1 


Example 


5 


V 


96.5 


*** 


Example 


6 


V 


99.2 


0.1 


Comp. Ex. 


1 


IX 


75.2 


1.0 


Comp . Ex . 


2 


X 


77.8 


0.7 



*HC conversion % = [l-(no. of carbon atoms of hydrocarbon in 
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product) / (no. of carbon atoms of hydrocarbon in feedstock) x 
100 

**Relative amount of carbon deposited on catalyst after 
reaction for 10 hours ("the amount in Comp. Ex. 1 is 1.0) 
***Below measurement limit (0.1) 

Reforming reaction of hydrocarbons using carbon dioxide will 
next be described in detail . 
Exarrple 9 

(1) Preparation of catalyst 

Zirconixjm hydroxide (200 g) was calcined at SOO^'C for one 
hour, to thereby obtain ziroonia carrier IV. After the carrier IV 
was dipped in an aqueous solution of ruthenium chloride, the 
solution was heated and stirred at eO^'C for one hour, to thereby 
evaporate v/ater. The product was further dried at 120°C for 6 
hours. Subsequently, the dried product was calcined at SOO^^C for 
one hour. The resultant calcined product was sieved, to thereby 
obtain a of catalyst XI having a particle diameter of 16-32 mesh. 
Catalyst XI contained 0.5 wt.% ruthenium. The corrposition of 
catalyst XI is shown in Table 7. 

(2) Reformation of hydrocarbon using carbon dioxide 

A fixed-bed-flow- type reactor was filled with catalyst XI. 
Reforming reaction of hydrocarbons using carbon dioxide was 
carried out therein by use of a mixture gas including methane and 
carbon dioxide (the ratio of methane to carbon dioxide: 1/1) as 
feedstocks. The reaction conditions are shown in Table 10, and 
the results of reaction are shown in Table 11. 
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Exairple 10 

The procedure of Exairple 9 was carried out, except that an 
aqueous solution in which ruthenium chloride and cobalt nitrate 
were dissolved ,was used, to thereby obtain catalyst XII. 
Reforming reaction of hydrocarbon using carbon dioxide was carried 
out under the same reaction condi tions as in Example 9 , The 
composition of catalyst XII is shown in Table 7. The results of 
the reaction are shown in Table 11. 
Example 11 

The procedure of Example 9 was carried out, except that an 
aqueous solution in which rutheniumn chloride, cobalt nitrate, and 
magnesium nitrate were dissolved was used, to thereby obtain 
catalyst XIII. Reforming reaction of hydrocarbon using carbon 
dioxide was carried out under the same reaction conditions as in 
Example 9. The corposition of catalyst XIII is shown in Table 7. 
The results of the reaction are shown in Table 11. 
Example 12 

(1) Preparation of catalyst 

Water (20 wt.%) was added to an a-al\jmina powder, and the 
mixture was kneaded by use of a kneader. The kneaded product was 
compression -molded, to thereby obtain cylindrical molded products 
having a diameter of 5 mn and a length of 5 mm. The products were 
dried by use of a burner-fumace-exhaust gas (100''C-300*'C> , and 
calcined at 1280^C for 26 hours, to thereby obtain alumina carrier 
V. 

Subsequently, ruthenium trichloride (RuCls-nHsO; containing 
Ru (38%)) (0.66 g) and cobalt nitrate (Co (N03)3- 6H2O) (2.47 g) were 



47 



added to an aqueous solution of zircx>nium oxychloride (ZrO(OH)Cl) 
(Zr content as reduced to ZrO^ (2.5 g) ) , and the mixture was mixed 
for one hour or more, to thereby dissolve the coirpounds. The 
total amount of the solution became 10 cc, and the solution v/as 
used as a solution for impregnation. The above-described carrier 
V (50 g) was impregnated with the solution for impregnation by use 
of a pore-filling method, dried at 120°C for 5 hours, calcined at 
SOO^'C for 2 hours , and sieved, to thereby obtain catalyst XIV 
having a particle diameter of 16-32 mesh. The composition and 

physical properties of catalyst XIV are shown in Table 8. 
(2) Reforming of hydrocarbons using carbon dioxide 

By use of catalyst XIV, the same reforming reaction of 

hydrocarbons as in Example 9 was carried out. The results of 

reaction by catalyst Xrv are shown in Table 11. 

Example 13 

The procedure of Example 12 was carried out to thereby 
prepare a solution for impregnation (10 cc) , except that ruthenium 
trichloride (RUCI3 • nH^O; containing Ru (38%) ) (0 . 66 g) , cobalt 
nitrate (Co(N03)3-6H20) (2.47 g) , and magnesium nitrate 
(Mg(N03)2-6H20) (6.36 g) were added to an aqueous solution of 
zirconiiim oxychloride (ZrO(OH)Cl) (Zr content as reduced to ZrOs 
(2.5 g) ) . Furthermore, the procedure of Example 12 was carried 
out to prepare catalyst XV, except that the resultant solution for 
iirpregnation was used. Reforming reaction of hydrocarbons using 
carbon dioxide was carried out by use of catalyst XV under the 
same reaction conditions as in Example 9. The composition and 
physical properties of catalyst XV are shown in Table 8, and the 
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results of reaction are shown in Table 11. 
Exarrple 14 

By use of catalyst XV obtained in Exairple 13, reforming 
reaction of hydrocarbon of Exanple 9 using carbon dioxide v/as 
repeated except that a mixture gas including methane, carbon 
dioxide, and steam (the proportions of methane to carbon dioxide 
and steam: 1/1/1) was used as feedstock. The reaction conditions 
of the reforming reaction are shown in Table 10. The results of 
reaction are shown in Table 11. 
Exairple 15 

Carrying of a metal ccirponent, drying, and calcining of a 
carrier performed in Exanple 12 were carried out to thereby obtain 
catalyst XVII, except that oomnerci ally-avail able y-alumina 
carrier VI was used , and the amount of vrater to be added was 
changed such that the amount of obtained solution for irrpregnation 
became 30 cc. The composition of catalyst XVII is shown in Table 
8. 

Exairple 16 

The procedure of Exairple 13 was carried out to thereby 
obtain catalyst XVIII, except that commercially-available y- 
alxomina carrier VII was used and the amount of water to be added 
was changed such that the amount of obtained solution for 
iirpregnation became 30 cc. The composition of catalyst XVIII is 
shown in Table 9. 
Exairple 17 

By use of catalyst XV obtained in Exairple 13, reforming 
reaction of hydrocarbon of Example 6 using carbon dioxide was 
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carried out, except that a mixture gas including methane, carbon 
dioxide, and steam (the proportion of methane to carbon dioxide 
and steam: 3/3/4) was used as feedstock and the pressure of 
reaction was elevated to 5 kg/cm^G. The reaction conditions of the 
reforming reaction are shown in Table 10. The results of reaction 
are shown in Table 11. 
Conparative Example 3 

Nickel nitrate (Ni (N03)2- SH^O (5.0 g) was dissolved in water, 
to thereby obtain a solution for impregnation (10 CC) . a-Alumina 
carrier V was impregnated with the solution for impregnation 
instead of the solution for iirpregnation used in Example 12 , and 
was dried by the same method as in Example 12 , A cycle of 
impregnation and drying was repeated 5 times . The procedure of 
Example 12 was carried out except for the above -described 
impregnation processes, to thereby obtain catalyst XIX. By use of 
catalyst XIX, reforming reaction of hydrocarbon using carbon 
dioxide was carried out under the same reaction conditions as in 
Example 9. The ccxrposition of catalyst XIX is shown in Table 9. 
The results of the reaction are shown in Table 11. 
Comparative Example 4 

Ruthenium trichloride (RuCla-nHp, containing Ru (38%)) (0.66 
g) was dissolved in water, to thereby obtain a solution for 
iirpregnation (10 CC) . a-Alumina carrier V was iirpregnated with 
the solution for impregnation instead of the solution for 
impregnation used in Exan^le 12. The procedure of Example 12 was 
carried out except for the above-described impregnation processes, 
to thereby obtain catalyst XX. By use of catalyst XX, reforming 
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reaction of hydrocarbons using carbon dioxide was carried out 
under the same reaction conditions as in Exairple 9 , The 
opposition of catalyst XX is shown in Table 9, The results of 
the reaction are shown in Table 11. 



Table 7 Compositions of catalysts carried on zirconia 



Catalyst 


Catalyst XI 


Catalyst XII 


Catalyst XIII 


Example (reforming 


Example 9 






reaction) No . 


Example 10 


Example 11 


Me ta 1 componen t 








(wt.%) 








Zirconium 








Ruthenixam 


0.5 


0.5 


0.5 


Cobalt 




1.0 


1.0 


Magnesium* 






2.0 


Ni ckel 









^Magnesium: as reduced to MgO 



Compositions and physical properties of alximi 



Catalyst 


Catalyst 
XIV 


Catalyst 
XV 


Catalyst 
XVII 


Exampl e ( ref ormi ng 
reaction) No, 


Example 12 


Examples 
13,14 and 17 


Example 15 


Metal component (wt . %) 








Zirconium* 


5.0 


5.0 


5.0 


Ruthenixam 


0.5 


0.5 


0.5 


Cobalt 


1.0 


1.0 


1.0 


Magnesium* 




2.0 




Nickel 








Physical properties 








Specific surface 
area (m^/g) 


13.5 


10.4 




**Micropore capacity 
(cc/g) 


0.26 


0.26 
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*Zirconium and magnesium: as reduced to Zr02 ^nd MgO 
**Micropore capacity before carrying metal 



Compositions of catalysts carried on alumina 



Catalyst 


Catalyst 


Catalyst 


Catalyst 


XVIII 


XIX 


XX 


Ex. & Comp. Ex 


. No. 


Example 16 


Comp .Ex.3 


Comp. Ex. 4 


Metal component 


(wt.%) 








Zirconium* 




5.0 






Rutheniiim 




0.5 




0.5 


Cobalt 




1.0 






Magnesitim* 




2.0 






Nickel 






10 





♦Zirconium and magnesixim: as reduced to ZrOj and MgO 



Table 10 Conditions for reforming reaction of hydrocarbon 



Items 


Example 9 


Example 14 


Example 17 


Composition of 








feedstock (vol . %) 








Methane 


50 


100/3 


30 


Carbon dioxide 


50 


100/3 


30 


Steam 




100/3 


40 


Reaction conditions 








Temperature CC) 


780 


780 


780 


Pressure (kg/cm^ G) 


1.0 


1.0 


5.0 


Space velocity (h"^) 


17,000 


17,000 


17, 000 


(GHSV) 
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Table 11 Results of reforming reaction of hydrocarbon 





CO yield (mol%) * 




Arter 1 n 


After 10 h 




80 


77 


ExamiDle 10 


85 


83 


Example 11 


85 


85 


Example 12 


85 


83 


Example 13 


85 


85 


Example 14 


85 


85 


Example 17 


81 


81 


Comp . Ex . 3 


78 


60 


Comp. Ex, 4 


75 


68 



♦(amount of CO in product: mol)/ (amount of CO2 + CH4 



in feedstock: mol)X100 



As described hereinabove, use of the catalyst of the present 
invention provides high conversion in autothermal reforming 
reaction of desulfurized naphtha and hydrocarbon reforming reaction 
making use of carbon dioxide. Only a small amount of coke is 
deposited on the catalyst of the present invention after 
autothermal reforming reaction for 10 hours. In addition, the 
catalyst of the present invention has proven to be suitable for 
producing a synthesis gas from methane by use of reforming gas 
containing carbonic oxide gas. High yield of carbon monoxide is 
provided by application of the catalyst of the present invention to 
hydrocarbon reforming reaction making use of carbon dioxide. The 
yield remains constant and coke is deposited in a small amount even 
after long-term service of the catalyst of the present invention. 
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